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Insect pheromone-binding proteins (PBPs)
transport sex pheromones through the aque-
ous layer surroundingG protein-coupled recep-
tors that initiate signaling events leading to
mating. This PBP-receptor system strongly dis-
criminates between ligands with subtle struc-
tural differences, but it has proved difficult to
distinguish the degree of discrimination of the
PBP from that of the G protein-coupled recep-
tor. The three-dimensional structures of the
PBP of Bombyx mori, the silkworm moth, both
with and without its cognate ligand bombykol
([E,Z]-10,12-hexadecadienol), have been deter-
mined by X-ray crystallography and NMR. In
this paper, the structures of the same binding
protein with bound iodohexadecane and bell
pepper odorant were determined at 1.9 and
2.0 A˚, respectively. These structures illustrate
the remarkable plasticity in the ligand binding
site of the PBP, but suggest the protein might
still act as a filter during pheromone signal
processing.
INTRODUCTION
A female moth sends out a chemical message that, upon
being encountered by an appropriate male, is processed
to generate a correct response within milliseconds. The
sex pheromone of Bombyx mori, bombykol ([E,Z]-10,12-
hexadecadienol; Figure 1), is synthesized by the female
and detected in the highly branched antennae of male
moths. Pheromone is adsorbed into specialized male
moth olfactory hairs, or sensilla, which cover the anten-
nae. The pheromone diffuses through pore tubules into
the aqueous sensillar lymph, where it is bound to the pher-
omone-binding protein and transported to the G protein-
coupled receptor on the neural cell. Using this signaling
system, the male follows the pheromone plume to its
mate. Transporting the hydrophobic pheromone through
the aqueous sensillar lymph could delay the rapid re-
sponse needed to follow the pheromone plume Leal1148 Structure 15, 1148–1154, September 2007 ª2007 Elsevieet al., 2005c. The lymph of pheromone-sensitive olfactory
hairs in Bombyxmori antennae contains a high concentra-
tion of pheromone-binding proteins (PBPs), 10–20 mM or
about 160 mg/ml (Vogt, 1987). PBPs are members of the
encapsulins (Leal, 2003), a family of proteins that solubilize
hydrophobic compounds in an aqueous environment. The
subclass of pheromone-binding proteins mediates the de-
livery of the sex pheromone to its receptor in the dendritic
membrane.
Pheromone reception in male moths is both highly
sensitive—responses can be seen with only a few mole-
cules—and selective—small structural changes typically
lead to loss of activity by several orders of magnitude.
This ligand selectivity is essential given the degree of sim-
ilarity of moth sex pheromones, which are typically 12- to
18-carbon partially unsaturated aliphatic chains (Ando
et al., 2004). These molecules differ only by carbon chain
length, placement of double bonds, and terminal func-
tional group (aldehyde, alcohol, or acetate). Early studies
indicated that simply switching either the cis or trans dou-
ble bond in bombykol rendered the molecule ineffective as
an attractant (Butenandt, 1963). It has been suggested
that PBPs play a role in discriminating among potential
molecular signals (Pelosi, 1994; Prestwich and Du, 1997;
Leal, 2003, 2005) and in speeding up the pheromone sig-
naling process (Syed et al., 2006; Leal et al., 2005c).
There is evidence both supporting and contradicting the
idea that PBPs are involved in pheromone recognition.
Analysis of the primary structure of PBPs from different
moth species shows limited diversity among the proteins.
The sequences are about 70% identical and 85% similar
to each other, and searching for amino acid residues
that might be involved in specificity has yielded little infor-
mation, although sequence and structural data suggest
that serine residues interact with alcohol groups in 14- to
16-carbon chain pheromones and that asparagine resi-
dues might specifically interface with acetate groups
(Sandler et al., 2000; Mohanty et al., 2004). However, for
most moth species, the pheromone signal consists of sev-
eral molecules and several PBPs. It has been demon-
strated through binding studies forAntheraea polyphemus
and A. pernyi moths, each of which has three pheromone-
binding proteins and a three-component pheromone
blend, that each PBP preferentially binds a specific com-
ponent of the blend (Maida et al., 2003). All threer Ltd All rights reserved
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A. polyphemus, bound to the major PBP from this species,
ApolPBP1, with apparent high affinity, but in competitive
assays ApolPBP1 showed considerable preference for
the major constituent of the sex pheromone.
We felt that structural studies with ligands very different
from pheromones might offer some insight into PBP spec-
ificity and plasticity. To explore the specificity of B. mori
PBP (BmorPBP), the protein was crystallized in complex
with nonpheromone ligands (Figure 1) and structures
were determined by X-ray crystallography. To investigate
limitations that would be imposed by stringent specificity,
iodohexadecane was added to form the IHD-BmorPBP
complex. Iodohexadecane (IHD) has a chain length
slightly longer than that of bombykol, lacks the conforma-
tional restraint provided by the two double bonds in the
pheromone, replaces the alcohol functional group with
an iodine atom, and has no detectable pheromonal activ-
ity. To explore a potential ligand with quite different geom-
etry than that of a typical moth sex pheromone, bell pep-
per odorant (2-isobutyl-3-methoxypyrazine) was added to
form the BPO-BmorPBP complex. The bell pepper odor-
ant molecule lacks the long-chain character of bombykol
but retains the hydrophobic nature of sex pheromones,
seems to be a promiscuous binder of the closely related
odorant-binding protein family, and has no reported pher-
omone role. Remarkably, both crystal structures revealed
electron density in the binding pocket of the protein that
precisely fit the geometry of each added nonpheromone
ligand. Surprisingly, the structures also provide solid ex-
perimental information that suggests the binding pocket
of the protein is adapted for ligands with hook-shaped
geometries, such as that of bombykol.
Figure 1. Ligands Used for Cocrystallization with BmorPBPStructure 15, 1148–1154,RESULTS
Overall Structures
All structures were solved by molecular replacement using
the crystal structure of B. mori PBP bound to bombykol at
pH 8 (Figure 2A) (Sandler et al., 2000). Bombykol was re-
moved from the model for molecular replacement. In the
bombykol complex, the protein is comprised of six a heli-
ces. Four of these helices converge to form a hydrophobic
binding pocket for bombykol, with three disulfide bonds
stabilizing the structure of this small extracellular protein.
A loop region between helices a3 and a4 is believed to
provide entrance for the ligand by becoming destabilized
upon protonation of one or all of three histidine residues at
low pH (Sandler et al., 2000). The bound bombykol has
a roughly planar, hook-shaped conformation within the
binding pocket. The hydroxyl group of bombykol forms
a hydrogen bond with the side chain of Ser56, and one
set of double bonds in bombykol is sandwiched between
the Phe12 and Phe118 aromatic rings.
The protein has also been shown to exist in an empty
structure (Figure 2B) (Lautenschlager et al., 2005). The
bombykol-bound protein and empty protein differ struc-
turally in three major ways: the bombykol-bound protein
has a disordered C terminus whereas the empty protein
has a disordered N terminus; the disordered looping re-
gion between helices a3 and a4 is more extended in the
empty protein; and the C terminus of the empty protein
forms a seventh a helix that fills the binding pocket of
the protein.
Both the IHD-BmorPBP and BPO-BmorPBP structures
(Figures 3A and 3B) show an overall protein conformation
similar to that of the bombykol-bound structure. The C-
terminal region of the protein exists as a disordered
loop, and the N-terminal region is an ordered helix. All
three disulfide bonds (Leal et al., 1999; Scaloni et al.,
1999) are present. In both nonpheromone complexes,
the protein crystallized with one molecule in the asym-
metric unit, rather than as two molecules per asymmetric
unit as seen in the bombykol-bound structure, suggesting
a subtle change in molecular shape. Previous work using
flow injection analysis of the protein followed by mass
spectrometry indicated the protein forms a dimer at pH
>5.5 and a monomer at lower pH (Leal, 2000), though
the NMR structure of BmorPBP at physiological pH also
shows the protein as a monomer (Lee et al., 2002). The
electron density in the pockets of these complexes clearly
fits the modeled ligands. Backbone alignments of the pro-
teins were performed using LSQMAN. The root-mean-
square deviation of the Ca atoms between the iodo-
hexadecane and bombykol complexes was 0.767 A˚, and
between the bell pepper odorant and bombykol com-
plexes was 0.785 A˚, indicating nearly identical backbone
conformations among the complexed PBPs (data not
shown). The positioning of side chains within the binding
pocket is also consistent in all three complexes (Figure 4).
Binding assays indicated that iodohexadecane binds to
BmorPBP with significantly lower affinity than the sex
pheromone of the silkmoth, bombykol, whereas noSeptember 2007 ª2007 Elsevier Ltd All rights reserved 1149
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Bombyx mori PBP PlasticityFigure 2. Crystal Structures of Bombykol-Bound and Unliganded BmorPBP
X-ray crystal structures showing bombykol (A) or no ligand (B) in the binding pocket of BmorPBP (Protein Data Bank ID codes 1DQE and 2FJY,
respectively). Secondary structures are depicted in cartoon representation. Bombykol is depicted in ball-and-stick format. Pictures were generated
in PyMOL (http://www.pymol.org/).binding of the bell pepper odorant was detected (data not
shown).
Iodohexadecane Complex
The electron density in the binding pocket of the IHD-
BmorPBP structure is similar to that of bombykol in the
PBP. The electron density of the ligand is continuous
(Figure 5A), and a strong-intensity signal presumably rep-
resenting the electron-rich iodine atom of the ligand was
easily identified. The occupancy of all iodohexadecane
atoms as defined by a B factor was less than 50 except
for that of the iodine atom, which had a B factor of 65.
The B factors most likely reflect a fairly high occupancy
of the ligand within the binding pocket. Although the ge-
ometry of iodohexadecane is not restrained by double1150 Structure 15, 1148–1154, September 2007 ª2007 Elsevierbonds, the ligand adopted a configuration similar to that
of bombykol in the binding pocket. This structure clearly
shows the iodine atom of the ligand in closest proximity
to Ser56, mimicking the interaction of the alcohol group
of bombykol with the Ser56 in the pheromone-PBP struc-
ture. In this model, the iodine is 3.7 A˚ from the side-chain
oxygen of Ser56. Other residues located within 4.0 A˚ of
iodohexadecane are Phe12, Leu62, Leu68, Phe76, Thr111,
Val114, Ala115, and Phe118. All these residues also com-
pose the binding pocket in the bombykol complex.
Bell Pepper Odorant Complex
Initially, one molecule of bell pepper odorant was modeled
into the structure of BPO-BmorPBP. The methoxy oxygen
of bell pepper odorant lays 3.8 A˚ from the side-chainFigure 3. Crystal Structures of BmorPBP in Complex with Nonpheromone Ligands
Secondary structures are depicted in cartoon representation. Ligands are depicted as ball-and-stick figures. Iodohexadecane complex (A) at 1.9 A˚
resolution, and bell pepper odorant complex (B) at 2.0 A˚ resolution. Pictures were generated in PyMOL (http://www.pymol.org/).Ltd All rights reserved
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Bombyx mori PBP Plasticityoxygen of Ser56. The ligand is within at least 4.0 A˚ of res-
idues Ile52, Ser56, Leu62, Leu68, Val94, Thr111, Val114,
Ala115, and Phe118. An additional and comparable
mass of electron density was located in the binding
pocket, and a second molecule of bell pepper odorant is
modeled in Figure 5B. Addition of this second model
further reduced the Rfree value. These data indicate
BmorPBP can accommodate more than one molecule of
bell pepper odorant in the binding pocket. The shape of
the ring in the second bell pepper odorant molecule is re-
flected in the electron density, though the density is not
complete for this additional molecule. As modeled, this
second molecule is within at least 4.0 A˚ of residues
Leu8, Ser9, Phe12, and Phe36. The closest atom to the
methoxy oxygen of this second bell pepper odorant mol-
ecule is Phe12, which is 3.6 A˚ away. The two bell pepper
odorant molecules are separated by a distance of 2.9 A˚.
All residues in proximity of these two ligand molecules
Figure 4. Alignment of Side Chains Forming the Binding
Pocket of BmorPBP
Alignment of bombykol complex binding pocket residues (light gray)
and iodohexadecane binding pocket residues (dark gray) in (A). Align-
ment of bombykol-complex binding pocket residues (light gray) and
bell pepper odorant binding pocket residues (dark gray) in (B).Structure 15, 1148–1154,are also involved in bombykol-PBP interactions. The oc-
cupancy of all bell pepper odorant atoms as defined by
a B factor was between 45 and 60, comparable to B fac-
tors calculated for bombykol atoms in the pheromone
complex. Two water molecules are also modeled into
the binding pocket.
DISCUSSION
Based on the structures of these two complexes, it ap-
pears that B. mori PBP can accommodate diverse hydro-
phobic molecules within its binding pocket. Polar groups
can interact with Ser56, as seen through interactions
with the methoxy group of bell pepper odorant or the io-
dine of iodohexadecane. Two molecules of bell pepper
odorant can be fit into the electron density in the binding
pocket of the protein. The structures of these two com-
plexes show that ligands with very different geometries
can fit into the cavity of the PBP, from straight-chain
carbon compounds to aromatic molecules. However,
the hook structure adopted by iodohexadecane (similar
to the shape of bombykol in the binding pocket) might
Figure 5. Electron Density Maps of Binding Pocket
2Fo  Fc electron density maps of iodohexadecane (A) and bell pepper
odorant (B) in BmorPBP binding pocket. A continuous chain of electron
density representing all atoms in iodohexadecane is clearly visible in
(A). Complete density for one bell pepper odorant molecule and partial
density for the second molecule are visible in (B).September 2007 ª2007 Elsevier Ltd All rights reserved 1151
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ble bonds is influential in binding long-chain ligands with
restrained geometries. Indeed, the geometry of iodohexa-
decane in the binding pocket suggests that bombykol,
which is locked into this seemingly preferred geometry,
is bound over other ligands. Data from the binding assay
support this hypothesis. It would be interesting if such
‘‘floppy’’ molecules, such as iodohexadecane as used in
these crystallography experiments, could be used to
probe favored ligand geometries in other binding proteins.
The discovery that the binding pocket of BmorPBP can
accommodate nonpheromone ligands is less surprising,
given the discovery that the C-terminal tail of the protein
occupies the cavity at low pH (Horst et al., 2001), or
even at neutral pH when no other ligands are competing
for the binding pocket (Oldham et al., 2001). The geometry
adopted by iodohexadecane suggests the side chains
within the binding pocket of the protein are adapted for
the hook-shaped geometry of bombykol, though both
iodohexadecane and bell pepper odorant were accom-
modated by the protein when provided in excess in these
crystallographic studies.
Other small binding proteins present in insect antennae,
from pheromone-binding proteins to chemosensory pro-
teins, have demonstrated ligand binding flexibility. In the
cockroach PBP structure (Lartigue et al., 2003) a fluores-
cence reporter, amino-naphthalene sulfonate, was bound
to the protein, though this molecule was displaced by two
out of four components of the species pheromone blend.
Even the apo structure of the same protein contained
a glycerol molecule from protein preparation in its binding
cavity. One of three PBPs from Antheraea polyphemus
was shown to bind with high affinity to all three constitu-
ents of the species pheromone blend at high pH, but in
a competitive assay showed preference for only one com-
ponent of the blend (Leal et al., 2005a). The structure of
a chemosensory protein from Mamestra brassicae (Cam-
panacci et al., 2003) showed three molecules of 12-
bromo-dodecanol in the binding pocket of the protein,
reminiscent of our observation of two bell pepper odorant
molecules in the BPO-BmorPBP complex. It is important
to note that our crystallography experiments are not affin-
ity experiments, and that a 10-fold excess of ligand was in-
cubated with the protein. Although iodohexadecane and
bell pepper odorant are present in the binding pocket of
BmorPBP in these crystal structure, the binding assay
did not detect binding of these nonpheromone molecules.
The apparent binding flexibility of BmorPBP reflects its
affiliation with other antennal odorant-binding proteins
(OBPs). Insect PBPs and OBPs share highly conserved re-
gions, including six conserved cysteine residues that form
three disulfide bridges. Both families of proteins have
been shown to bind small molecules and shuttle them
through the antennal lymph to a receptor. Lepidopteran
OBPs show affinities for specific chemical groups or
structures, and have been proposed to act as filters to in-
fluence which molecules make it to the receptor(s) (Vogt
et al., 1991). Recently, it has been demonstrated with
transgenic fruit flies expressing either the bombykol1152 Structure 15, 1148–1154, September 2007 ª2007 Elsevierreceptor only or flies carrying both bombyol receptor
and BmorPBP that PBPs are essential for the sensitivity
of the insect olfactory system (Syed et al., 2006). In the
same way, lepidopteran PBPs may act as filters to speed
pheromone processing.
Selectivity and promiscuity of ligand binding to a given
lepidopteran PBP could play a role in behavioral antago-
nism. (Z,Z)-11,13-hexadecadienal is a sexual attractant
for both the navel orangeworm, Amyelois transitella
Walker, and the meal moth, Pyralis farinalis L. An
additional component of the A. transitella pheromone
blend, (Z,Z)-11,13-hexadecadien-1-yl acetate, serves as
behavioral antagonist for Pyralis farnalis L. (Leal et al.,
2005b). It is possible that the PBPs from each species
interact differently with the acetate, with P. farnalis PBP
binding more strongly and releasing the acetate more
slowly, effectually sequestering PBP. Alternatively, a hypo-
thetical multifunctionality of moth PBPs could mimic a rou-
tine occurrence in the proteins that develop drug resis-
tance or the ability to degrade chemicals, where proteins
have adapted to function differently in the presence of
a new and sometimes strikingly different chemical.
These studies suggest BmorPBP is capable of binding
nonpheromone ligands in the moth antenna, though with
affinity lower than that indicated by the binding assay. Un-
der physiological conditions, pheromone-binding proteins
greatly outnumber any potential ligand, and the apparent
promiscuity of BmorPBP indicated by crystallographic
studies may be a reflection a protein that has evolved to
pick up anything resembling a pheromone signal. That
BmPBP can bind very different ligands with only minor
side-chain adjustments argues that it has evolved for plas-
ticity. Nonpheromone ligand might be dropped by the pro-
tein en route to the receptor, as only bombykol was shown
to bind in these binding assays Leal et al., 2005c. In this
way, the protein would act as a filter to decrease the num-
ber of small molecules that are presented to the receptor
while maintaining sensitivity, increasing the overall speed
of pheromone processing. Ligands with low affinity may
be dropped from the complex and inactivated by aggres-
sive odorant-degrading enzymes (Vogt et al., 1985; Ishida
and Leal, 2005) while en route to the receptors, whereas
pheromone molecules may remain protected by PBPs un-
til the end of the journey. The gain in sensitivity may offset
the loss in selectivity, particularly because of the addi-
tional layer of selectivity provided by the receptors.
EXPERIMENTAL PROCEDURES
Protein Preparation
Recombinant BmorPBP was expressed in Escherichia coli BL21 (DE3)
cells and purified as previously described (Wojtasek and Leal, 1999). A
slight modification of the previous purification procedure was used to
remove any adventitious hydrophobic ligands the protein might have
picked up during expression (Oldham et al., 2001). Recombinant
PBP was dialyzed against 0.2 M sodium phosphate buffer (pH 4.5)
and incubated with a Lipidex resin at 37C to remove any hydrophobic
molecule acquired during recombinant expression. No ligand is found
in the crystal structure of the unliganded protein (Lautenschlager et al.,
2005) when using this protocol, ensuring the only molecules presentLtd All rights reserved
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eluted with 0.2 M sodium phosphate (pH 4.5).
Ligand Addition
Ligands were dissolved in methanol to make them more soluble for
protein complex formation. BmorPBP concentration was determined
by Bradford assay, and ligand was added to the protein in a 10-fold
molar excess. The protein-ligand mixture was agitated briefly by vor-
texing and incubated at 4C overnight, then dialyzed against 10 mM
Tris buffer pH (8.0) in Fisher dialysis tubing (molecular weight cutoff,
6–8 kDa). The protein complexes were concentrated to 20 mg/ml in
an Amicon Ultra-15 centrifugal filter unit (nominal molecular weight
limit, 10 kDa), and unbound ligand was removed by centrifugation at
13,000 3 g for 5 min at 4C. This same procedure was used to purify,
crystallize, and re-solve the BmorPBP-bombykol complex as a control,
following the above procedure prior to crystallization to ensure the val-
idity of the method.
Crystallization and Structure Determination
Crystals were obtained by the vapor diffusion hanging drop method at
22C. Drops containing 2 ml of protein complex in 10 mM Tris (pH 8.0)
Table 1. Crystallographic Data for Bombyx mori PBP
Complexes
IHD-BmorPBP BPO-BmorPBP
Ligand Iodohexadecane Bell Pepper
Odorant
Data Collection
Source CHESS F1 CHESS F1
Wavelength (A˚) 0.950 0.950
Space group I41 I41
Unit cell (A˚)
a, b 83.79 83.85
c 34.88 34.82
Resolution (A˚) 29.62–1.70 32.11–2.00
Completeness (%) 96.6 94.5
Observed reflections 121,796 109,033
Unique reflections 12,785 8,240
Rsym (%)
a 9.0 11.5
Refinement Statistics
Highest resolution (A˚) 1.91 2.00
R factor (%)b,c
Working 22.4 20.9
Free 26.4 24.5
Rms deviation
Bond lengths (A˚) 0.037 0.043
Angles () 2.77 2.71
Average B factor (A˚) 29.9 32.6
a Rsym = SjI  < I >j/SI.
b R = ShkljjFoj  jFcjj/ShkljFoj.
c Rwork was calculated from a set of reflections in which 5% of
the total reflections were randomly omitted from the refine-
ment and used to calculate Rfree.Structure 15, 1148–1154and 2 ml of well solution containing 40% polyethylene glycol (MW
4000), 100 mM Tris (pH 8.0), and 50 mM MgCl2 were set up in hanging
drop trays. Complete data sets at 1.9 A˚ resolution for IHD-BmorPBP
and 2.0 A˚ resolution for BPO-BmorPBP were collected on F1 at
CHESS (Cornell University). The data were integrated using DENZO
of the HKL suite (Otwinowski and Minor, 1997) followed by scaling
with SCALA of the CCP4 suite (CCP4, 1994). Data set statistics are
shown in Table 1. Further data reduction was performed with CCP4i.
The structures were solved by molecular replacement using the
CCP4 version of MOLREP (CCP4, 1994). The model used was the
B. mori PBP bombykol complex, chain A (Protein Data Bank ID code
1DQE). Model building was done with O (Vagin and Teplyakov,
2000). The structure was completed and refined by iterative cycles
of model building and simulated annealing using O and CNS v.1.1
(Jones et al., 1991). The eight C-terminal residues were omitted in
the final refinement of each complex due to structural disorder.
Binding Assays
Binding was measured by incubating BmorPBP with test ligands, sep-
arating unbound and bound ligand, extracting bound ligand from the
protein, and quantifying the amount of bound ligand by gas chroma-
tography, according to a previously reported protocol (Brunger et al.,
1998).
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